Background and purpose: The role of clinical factors, cerebral infarcts and hippocampal damage in vascular cognitive impairment (VCI) subtypes remains unclear. Methods: Non-demented patients with carotid stenosis and recent transient ischemic attack/stroke had cognitive assessment and brain magnetic resonance imaging (MRI). Amnestic VCI was defined as memory impairment; nonamnestic VCI was any other subdomain impairment. Associations of MRI metrics [log-transformed total ischemic lesion load (log TILL), mesiotemporal atrophy (MTA) score, hippocampal mean diffusivity (hipMD)] with cognitive performance were assessed. Results: A hundred and eight patients, 47 with amnestic VCI and 21 with non-amnestic VCI, were assessed. A higher MTA (odds ratio 12.89, P = 0.001) and left hipMD (odds ratio 4.43, P = 0.003) contributed to amnestic VCI versus normal. Age-adjusted fluency correlated with log TILL (P = 0.002). Age-adjusted memory was associated with left hipMD (P = 0.001), MTA (P < 0.001) but not log TILL (P = 0.14). Left hipMD, MTA and smoking showed classification potential between amnestic VCI versus normal (area 0.859, P < 0.001). Conclusions: Neuroimaging assists stratification in amnestic VCI characterized by hippocampal changes and in non-amnestic VCI by higher ischemic burden. MTA and hippocampal diffusivity show diagnostic biomarker potential.
Introduction
Vascular cognitive impairment (VCI) is the second most common cause of acquired dementia and its prevalence doubles every 5.3 years [1] . VCI is defined as the spectrum of cognitive impairment attributable to cerebrovascular causes, ranging from subtle deficits to dementia [2] and characterized by various clinical presentations, multiple imaging and heterogeneous pathologies [3] . Four VCI subtypes including amnestic, amnestic plus other domains, non-amnestic single domain, and non-amnestic multiple domains are described [3] . The current criteria are used for all forms of cognitive disorders associated with cerebrovascular disease including cardioembolic, atherosclerotic, ischemic, hemorrhagic or genetic, regardless of the pathogenesis [3] . The criteria feature a range of vascular and cognitive pathologies rather than a validated diagnostic entity [4] . Moreover, they do not categorically define standardized radiological evidence of cerebrovascular disease for VCI or its diverse clinical phenotypes.
Heterogeneous cerebrovascular pathology including subcortical white matter disease, volume of ischemic lesions, but also global and temporal lobe atrophy are thought to contribute to cognitive impairment after stroke [5] . Cognitive deficits in early subcortical VCI characteristically involve executive dysfunction and reduced processing speed [5] whilst memory loss is considered to develop later [6, 7] .
Apart from clinical risk factors, especially advancing age and vascular risk [8] , the presence of cerebrovascular disease in brain imaging is considered to account for the degree of cognitive impairment [9] . Substantial ischemic burden [10] , lacunes and strategic infarcts [11] , the location of white matter lesions as well as non-lesional white matter tissue damage have been shown to contribute to VCI [12] . Nevertheless, generalized and hippocampal atrophy on MRI may be as strongly associated with VCI as the extent of vascular pathology [13] . Increased hippocampal mean diffusivity (MD) is frequently found in individuals with amnestic mild cognitive impairment (MCI) and Alzheimer's disease (AD), which implies sensitivity to the neurodegenerative processes associated with AD [14] [15] [16] . There is some evidence that ultrastructural hippocampal damage -as measured by hippocampal MD -may also be affected in VCI as MD was shown to be attributed to volumetric and connectivity changes in the hippocampi and memory loss after first stroke or transient ischemic attack [17] . With regard to cognitive subtypes, hippocampal atrophy is known to predict AD in non-amnestic and amnestic MCI but might not be as sensitive in non-amnestic MCI [18] , and was found to be less pronounced in non-amnestic versus amnestic MCI [19] . Whether hippocampal volume or MD is differentially altered in amnestic and non-amnestic subtypes in patients with probable VCI is unknown.
This study was aimed to examine the neuroimaging correlates of amnestic versus non-amnestic cognitive impairment in patients with carotid vascular disease and recent cerebrovascular ischemic event who fulfilled the criteria for probable VCI [3] . The associations of clinical and vascular factors such as age, carotid stenosis and index cerebrovascular ischemic events with amnestic versus non-amnestic cognitive impairment in the cohort were assessed in relation to ultrastructural integrity and atrophy of hippocampi and total volume of brain ischemic lesions. It was hypothesized that, in patients with probable VCI, memory impairment would be associated with hippocampal pathology, whereas non-memory cognitive deficits would be related to vascular pathology and risk factors.
Methods

Study population
The study population was identical to that recently reported [12] and was co-recruited from the Imaging in Carotid Artery Disease (ICAD) study [20] for which patients with a recent non-disabling cerebrovascular event and an ipsilateral carotid artery stenosis of >30% were included. Participants were identified from stroke services clinics or inpatients at Nottingham University Hospitals NHS Trust between November 2010 and January 2014. Patients who were incompetent to consent or those with MRI contraindications were excluded. As part of the original protocol for the ICAD study, clinically indicated planned carotid intervention led to exclusion. Consenting participants were interviewed and clinically assessed for eligibility for this cognitive cross-sectional sub-study including MRI safety, evaluation of cerebrovascular disease, vascular risk factors, literacy, dexterity and ability to perform cognitive tools tasks. Non-English speaking, aphasia, complete blindness and dense dominant-hand paresis excluded a few patients from cognitive tests. Addenbrooke's Cognitive Examination À revised version (ACE-R) was used due to excellent sensitivities and specificities for the diagnosis of cognitive impairment [21, 22] . ACE-R reliably tests episodic memory, which is a known function of the left hippocampus [23] . Assessments were conducted on the day of MRI by trained researchers (AAH, RJS). The ACE-R subscales were used to define amnestic subtypes [22, 24] based on age-specific cut-offs for memory loss. Nonamnestic VCI was defined as normal memory function but impairment in at least one other domain (fluency ≤9 out of 14, attention and orientation ≤17/18, memory ≤18/26 and visuospatial ≤15/16 in those aged 50-59 years; fluency ≤8/14, attention and orientation ≤17/18, memory ≤19/26 and visuospatial ≤14/16 in 60-69 years; fluency ≤9/14, attention and orientation ≤16/ 18, memory ≤17/26 and visuospatial ≤14/16 in those over 70 years [24] ). Since aphasia is likely to bias results due to the verbal testing procedures of ACE-R [25] , our eligibility criteria excluded aphasic and nonEnglish participants, and language subdomain correlations were not assessed in this cohort. It should be noted that the subdomain-specific cognitive definitions are more inclusive than the global cognitive impairment definition and patients with single domain MCI may not qualify for global cognitive impairment according to the ACE-R < 82 definition.
All participants received secondary preventative treatment for stroke according to the current guidelines and no treatment was withheld or modified for the purpose of the study.
All participants provided written informed consent in accordance with the study protocol approved by the local ethics committee.
Imaging protocol
The imaging protocol has been previously reported [12] . In brief, all participants underwent 3 T MRI (Philips, Eindhoven, Netherlands; Achieva version 3.1.2 software) including whole brain axial diffusion tensor imaging (DTI) (spin echo single-shot diffusion weighted echo planar imaging, b = 1000 s/mm 2 , 15 directions, TR 4.2 s, TE 57 ms, FOV 224 9 135 9 224, matrix 112 9 112, 45 slices of 3 mm thickness) and axial fluid attenuated inversion recovery (FLAIR) (TR/TE/TI 10.5/0.14/2.75 s, FOV 224 9 135 9 192, matrix 224 9 181, 45 slices of 3 mm thickness).
Diffusion tensor imaging pre-processing, including motion correction, eddy currents, skull stripping and fitting of the DTI data to the diffusion tensor model to compute fractional anisotropy and mean diffusivity maps was performed using the diffusion toolbox of FSL [26] . Standard image reconstruction and further analysis was performed using FSL.
Total brain ischemic lesion load (TILL)
The NeuRoi image processing tool [27] was used to manually (by DM, supervised by DPA) outline all infarcted and ischemic appearing lesions including white matter hyperintense lesions, cortical and subcortical chronic infarctions as determined on FLAIR images and acute lesions defined on diffusion weighted images as previously described [12] (Fig. 1a, b) . Lesion volume was calculated as the sum of individual lesion areas 9 (slice thickness + slice gap) to give the TILL which was normalized to brain volume and log transformed (log TILL). Brain volume was measured with SIENA, part of the FMRIB software library [28] .
Mesiotemporal atrophy (MTA) scores
For each individual, MTA was assessed on reconstructed coronal FLAIR images using Scheltens' scale [29] . As previously described [12] , the presence of MTA was defined using averaged age-ranged specific cut-offs for the mean MTA scores, i.e. MTA >1.5 in participants <75 years of age, MTA >2 in patients ≥75 years or MTA >2.5 in those ≥85 years of age [30] .
Hippocampal mean diffusivity assessment
In order to avoid partial volume effects from cerebrospinal fluid (CSF), MD maps were thresholded using a visually optimized cut-off retaining only voxels with MD ≤1.5 9 10
À3 mm 2 /s [31] . Left and right hippocampal MD were determined by manually drawing regions of interest (ROIs) on three consecutive images (size 27 voxels, 216 mm 3 ) (Fig. 1c) . The grand average over all left and right regional hippocampal MD was calculated to reflect hippocampal MD (hipMD) and separately reported for the left hippocampal MD (left hipMD). In addition, hippocampal formation was visually inspected on FLAIR, MD and DWI to assess the presence or absence of acute/chronic lesions.
Statistical analysis
The study sample size was predetermined in the parent study (ICAD) [20] and a power calculation using SamplePower 2.0 (SPSS, version 19.0, Chicago, IL, USA) was performed for amnestic and non-amnestic cognitive impairment subgroups.
The Student t test, MannÀWhitney U test and chisquared test were used to compare the data. One-way ANOVA, Tukey's test and Kruskal-Wallis analyses were performed in order to examine the associations of clinical factors as well as neuroimaging markers between the three groups: vasculopathy with normal cognition, amnestic VCI and non-amnestic VCI. The normality of the data was assessed before the analysis and mention is made whenever the data were not normally distributed.
Binary univariate analysis was applied to determine the associations between the factors.
Multivariate logistic forward stepwise regression analysis was used to study associations of age, smoking, presenting ischemic event, log TILL, MTA scores and left hipMD between the amnestic and non-amnestic VCI subgroups. To quantify the associations of neuroimaging markers and clinical risk contributors to amnestic VCI, estimated probabilities calculated from multivariate logistic regression models for the receiver operating characteristic (ROC) curve were used. The ROC curve model, which is a measure of discrimination and directly applicable to a classification setting [32] , was used in order to define important clinical risk factors and imaging markers in the classification of amnestic VCI.
To probe the independence of MTA scores from CSF thresholded hipMD, the correlations between both imaging markers were assessed and the associations of clinical and imaging factors were independently tested in the subgroup with normal MTA scores.
Partial correlation analyses, controlled for age, were used to assess the contributions of log TILL or left hipMD to each cognitive subdomain including fluency, visuospatial, attention and orientation, and memory. Applying the Bonferroni correction because four subdomain and four MRI metrics were used, the results with a P value less than 0.0031 were considered significant.
Statistical analysis was performed using SPSS software (version 19.0, Chicago, IL, USA). P < 0.05 was considered statistically significant. Data are reported as mean AE standard deviation unless stated otherwise.
Results
The study has 89% power to detect a correlation of 0.3 for the sample size. There is 80% power to detect a standardized mean difference of 0.61 for amnestic versus normal, 0.77 for non-amnestic versus normal and 0.75 for amnestic versus non-amnestic subgroups.
General findings and cognitive profile
Of 147 recruited participants eligible for the cognitive sub-study, 108 [66 men (age 74.3 AE 9.5), 42 women (age 75.2 AE 8.8)] had good image quality for analysis (Table 1) . Of these, 53 presented with stroke and had larger volumes of total ischemic lesion compared with 55 patients presenting with transient ischemic attack (P = 0.03).
Mean total ACE-R score was 81.5 AE 10.5. Sixtyeight participants (63%) showed MCI in at least one domain (including 15 not classed as overall cognitive impairment based on ACE-R >82). In total, 47 (43.5%) subjects showed memory impairment (using established cut-off scores [24] ), of whom 12 had pure amnestic and 35 memory plus other cognitive domain impairment. Twenty-one participants (19.4%) were classed as non-amnestic cognitive impairment affecting one domain in 11/21 and multiple domains in 10/21.
Clinical risk factors and neuroimaging findings in cognitive subgroups
Compared with never-smokers, a history of smoking was associated with amnestic VCI versus normal cognition (P = 0.014, Table 1 ). Peripheral vascular disease and presenting symptoms differed in the three-group analysis (P = 0.048, P = 0.045, respectively), but there was no pairwise significance. No other clinical factor differed between the amnestic, non-amnestic and normal cognition groups (Table 1) .
There were no ischemic lesions noted in the hippocampi of the study cohort. Left hipMD was significantly higher in amnestic VCI, compared with cognitively intact subjects [mean difference 0.359, 95% confidence interval (CI) 0.112-0.606, SE 0.10398, P = 0.002] (Fig. 2) . Conversely, left hipMD did not differ between non-amnestic VCI and normal cognition groups (P = 0.75) with a trend reduction versus amnestic VCI (mean difference 0.265, P = 0.097).
Log TILL showed a trend to be higher in the amnestic VCI group versus normal cognition (mean difference 0.709, 95% CI À0.003-1.421, SE 0.2995, P = 0.051). However, log TILL did not differ between the non-amnestic versus normal (P = 0.11) or amnestic (P = 0.99) subgroups.
Amnestic VCI versus vasculopathy with normal cognition
Univariate regression analysis showed that high hipMD [odds ratio (OR) 3.75, 95% CI 1.4-10.1; P = 0.009], high left hipMD (OR 4.43, 95% CI 1.66-11.83, P = 0.003), abnormal MTA (OR 12.89, 95% CI 2.77-59.9, P = 0.001) and high log TILL (OR 1.43, 95% CI 1.04-1.95; P = 0.027) were significant factors associated with amnestic VCI but not right hipMD (P = 0.1). In addition, the only clinical factors with significant associations included presenting with stroke (OR 2.99, 95% CI 1.25-7.19, P = 0.014) and smoking (OR 3.82, 95% CI 1.47-9.93, P = 0.006). In multivariate forward stepwise regression analysis of clinical and imaging factors, four factors independently contributed to amnestic VCI, compared with normal cognition: abnormal MTA scores (OR 18.48, 95% CI 3.3-103, P = 0.001), left hipMD (OR 4.88, 95% CI 1.57-15.16, P = 0.006), presenting with stroke (OR 4.44, 95% CI 1.42-13.86, P = 0.01) and smoking (OR 3.9, 95% CI 1.14-13.4, P = 0.031). The corresponding area under the ROC curve was 0.859 (95% CI 0.784-0.934; P < 0.001) (Fig. 3) .
Given the strong association with MTA and the potential for including patients with comorbid AD pathology, the analysis was repeated in the subgroup of patients with normal MTA scores (MTA-ve), i.e. no apparent hippocampal atrophy and hence a low likelihood of subclinical AD (n = 28/85 amnestic VCI, n = 38/85 normal cognition). The associations of bilateral hippocampal ultrastructural damage (OR 3.04, 95% CI 1.03-8.98, P = 0.044) and left hipMD (OR 3.75, 95% CI 1.32-10.66, P = 0.013) in MTA-ve amnestic VCI were confirmed.
To further corroborate the independence of hipMD from macroscopic atrophy scores, the association of all MTA scores with total and left hipMD was assessed, which proved non-significant (P = 0.08, P = 0.31, respectively). Furthermore, there was no relationship in a general linear model between total or left hipMD and all MTA scores in the normal, amnestic and non-amnestic groups (P = 0.67 and 0.17 respectively).
Non-amnestic probable VCI versus vasculopathy with normal cognition
Using a univariate regression model, log TILL (OR 1.4, 95% CI 0.99-2.22, P = 0.056) and age (OR 1.08, 95% CI 1.00-1.16, P = 0.051) showed trends for associations with non-amnestic VCI compared with the normal cognition subgroup. There were no significant variables in the multivariate logistic regression analysis.
Amnestic versus non-amnestic probable VCI
In separate binary logistic regression models, entering a single explanatory variable in each model, amnestic VCI was only associated with left hipMD (OR 4.31, 95% CI 1.15-16.1, P = 0.031), abnormal MTA scores (OR 6.45, 95% CI 1.34-30.9, P = 0.02) and smoking (OR 3.17, 95% CI 1.02-9.79, P = 0.045). Conversely, neither log TILL (P = 0.88), age (P = 0.44) nor presenting ischemic symptom (P = 0.28) were associated with amnestic versus non-amnestic VCI. The results of multivariate forward stepwise regression analysis showed that only abnormal MTA was a significant contributing factor with odds ratio the same as above.
In the subgroup with normal MTA scores (n = 28 amnestic versus n = 19 non-amnestic), left hipMD was significantly associated with amnestic VCI (OR 5.42, 95% CI 1.21-24.24, P = 0.027), compared with the non-amnestic subgroup.
Neuroimaging findings and subdomain cognitive performance
Fluency significantly correlated with higher log TILL after adjusting for age (r = À0.3, P = 0.002). Performance for visuospatial (r = À0.18, P = 0.058, age corrected) or attention and orientation (r = À0.19, P = 0.051, age corrected), however, was not significantly correlated with log TILL.
Memory decline was associated with higher left hipMD (r = À0.324, P = 0.001, age corrected) and higher MTA scores (r = À0.35, P < 0.001, age corrected), which were considered significant after Bonferroni correction. However, memory was not significantly associated with log TILL (P = 0.14, age corrected), presenting with stroke (P = 0.15, age corrected) or smoking (P = 0.009, age corrected). MTA scores were not significantly associated with fluency (P = 0.018, age corrected) or attention and orientation (P = 0.005, age corrected).
Discussion
In this study of patients with recently symptomatic carotid artery disease, distinct association profiles for clinical risk factors and neuroimaging markers of amnestic and non-amnestic probable VCI have been described. Ultrastructural left hippocampal damage, indexed as increased mean diffusivity (hipMD), MTA scores, presence of stroke and smoking habit were significant predictors of amnestic VCI. Conversely, older people were more likely to have non-amnestic VCI, and higher total ischemic lesion burden showed a tendency to predict non-amnestic VCI. This dissociation was further confirmed by divergent patterns of correlation with performance in cognitive subdomains: total ischemic lesion burden was significantly correlated with performance in verbal fluency, whilst MTA scores and hipMD were associated with memory performance.
A predominant effect from hippocampal ultrastructural damage, particularly the left hippocampus, in patients with amnestic VCI was shown in our study. Notably, no evidence was found to suggest that extrahippocampal cerebral ischemic lesion load, age or vascular risk factors contributed to memory loss accounting for hippocampal damage. Memory function, in particular long recall and delayed recognition, are both typically considered as hippocampal-dependent functions [33] . Whilst the role of the right hippocampus is on allocentric processing of space, the left hippocampus is more involved in context-dependent episodic memory [23] . Hippocampal damage on diffusion MRI and hippocampal atrophy were reported to predict cognitive impairment after stroke [17] . However, the relationship between hippocampal atrophy and especially hippocampal ultrastructural tissue damage and cognitive impairment in VCI has remained unclear [4] . Although in one study, hipMD after cerebrovascular ischemic events was thought to precede hippocampal atrophy and disconnection [17] , that study did not correct for partial volume effects making it impossible to exclude atrophy effects. Using careful ROI selection and CSF thresholding, we have now shown that the associations of atrophy indexed as MTA scores and hippocampal tissue damage (atrophy corrected MD) with memory loss in VCI are independent. Although elevated hipMD can be predictive of memory decline in healthy elderly individuals [34] and prodromal AD [35] , there is insufficient evidence to prove that hipMD changes cause hippocampal atrophy. Elevated mean diffusivity of the anteriordorsal hippocampus was observed in spontaneous hypertensive rats, a recognized model of VCI even before behavioural deficits were noted [36] . In our study, significant ischemic lesions in the hippocampi and parahippocampal regions were excluded by careful review of imaging. It is plausible that high MD, which indicates a local increase of free water diffusivity in the parenchyma, is linked to reduction in myelin content, axonal decline or depletion of extracellular matrix [37] .
Mesiotemporal atrophy scores were significant predictors of the amnestic VCI cohort, whereas MTA scores were not significantly impaired in our nonamnestic subgroup. The MTA score strongly supports the clinical diagnosis of AD at early stages of the disease, and it is related to memory dysfunction and delayed recall [29] . Although our study population represents VCI, we have shown a subgroup with predominant memory loss, amnestic VCI, with radiological evidence of MTA. This amnestic VCI conceivably might represent a mixed type pre-manifest dementia with additional pathology of AD. Whilst this remains speculative without evidence for amyloid pathology using CSF or positron emission tomography (PET)-imaging, our findings are well in line with a previous report of less severe MTA scores in non-amnestic poststroke VCI compared with amnestic subtypes [38] .
Neuropsychological studies have shown VCI attentional-executive deficits [39, 40] with frequently observed subcortical vascular pathology and interruption in the frontostriatal circuits [41] [42] [43] . Similarly, a trend for associations with fluency impairment and total ischemic lesion volume as a measure of vascular pathology was found in our cohort. Further studies are required to clearly demonstrate the pathways and mechanisms in non-amnestic VCI; elaboration and refining lesion and tract injury have been shown to have diagnostic potential [12] . In our study population, ultrastructural hippocampal damage was not associated with non-amnestic VCI. This profile is further supported by the current evidence that cortical and subcortical infarcts primarily affect non-memory domains of cognition, mostly executive function [7, 44] . The extent of infarcts tended to play roles in non-amnestic VCI; likewise, non-amnestic MCI has been reported to be suggestive of vascular disease and more infarcts in a small cohort [19] . The associations between fluency -a non-amnestic subdomain -and total ischemic burden additionally support primary vascular pathology in non-amnestic VCI.
Our study does not allow pathological confirmation, but provides radiological evidence for selective left hippocampal damage in amnestic VCI compared to the non-amnestic group who showed more cerebrovascular disease burden. Coexisting preclinical AD is expected in 11%-20% of people aged 65 and older [45, 46] , confirmation of which would have required availability of amyloid and tau CSF markers or amyloid-PET, which our study is lacking. ACE-R cut-off scores for detection of subdomain impairment after stroke have good validity to detect executive, visuospatial and attention impairment but not memory [24] . Nevertheless, age-adjusted overall memory scores showed similar results in our study. The third limitation is the cross-sectional design that does not allow comment on the predictive value of our neuroimaging findings to predict the clinically most relevant conversion to vascular dementia. Longitudinal neuroimaging studies are required to better clarify the natural progression of VCI subtypes, and to assess the value of neuroimaging predictors of conversion to different types of dementia.
We describe two distinctive VCI subtypes to replace the current criteria with a heterogeneous descriptive entity to allow clinical and imaging stratification for clinical trials and future treatment strategies. It is plausible that amnestic VCI may represent the subgroup of VCI closer to Alzheimer's pathology and may be selected for pre-manifest Alzheimer's/mixed type dementia prevention trials. Moreover, in clinical trials of VCI, focusing on non-amnestic VCI subtypes especially with absent MTA may offer a pure VCI cohort for intervention trials in which subsiding cerebrovascular pathology is targeted. Conversely, for treatment trials aiming to prevent further hippocampal pathology, we anticipate potential gain from stratification in amnestic and non-amnestic VCI with or without MTA abnormality and characterization using hippocampal mean diffusivity.
